In Brief
Sensory gating is essential to guard sustained processing of relevant signals by suppressing less-salient cues. Tabor et al. now report a cluster of neurons in the zebrafish hindbrain that regulates the transmission of sensory signals to motor circuits via presynaptic inhibition of auditory afferents.
INTRODUCTION
Sensory organs transmit a constant stream of information about the environment. This flood of information is adaptively gated so that irrelevant inputs are suppressed, allowing salient cues to shape behavior. Sensory filtering is essential for effective brain function as impairments in sensory filtering lead to cognitive overload and deficits in attention. A major paradigm for studying the regulated transmission of sensory information is prepulse inhibition (PPI): a reduction in the startle response elicited by an alarming stimulus, after pre-exposure to a mild prepulse. Disrupted PPI has been linked to several neurological disorders, including schizophrenia, Tourette syndrome, and obsessive-compulsive disorder and is widely used in animal models [1] . Identification of cellular-level mechanisms for PPI would shed light into the basic processes involved in sensory filtering and expand insights derived from disease models.
Classic rodent studies argued for a central role of a mesopontine cholinergic projection to the pontine nucleus caudalis (PnC); however, this pathway has recently been ruled out by the failure to produce PPI deficits in vacht knockouts or after selective cholinergic neuron lesions [2, 3] . PPI is found across vertebrates, making it possible to use simpler models such as zebrafish to identify the underlying cellular pathways [4, 5] . Neuron-based manipulations in larval zebrafish offer a chance to identify cellular level pathways for sensorimotor gating because optical transparency enables whole-brain activity to be recorded following sensory stimuli, and genetic methods allow specific neurons to be causally linked to behavior. The subcortical architecture of the fish brain closely resembles its mammalian counterpart, with all neurotransmitter systems used by mammals present [6] . There is good evidence for conservation of brainstem circuits for PPI: startle responses in fish and mammals are initiated by giant reticulospinal neurons that are derived, at least in part, from embryonic rhombomere 4 [7] . Additionally, PPI in both fish and mammals requires neurons that are specified by the transcription factor genomic screen homeobox 1 (Gsx1) [8] .
To identify cellular-level mechanisms for auditory gating, we first identified the specific Gsx1 neurons that mediate PPI by using large-scale calcium imaging, optogenetics, and intersectional genetic ablations. After morphological reconstructions disclosed the projection targets of PPI neurons, we directly measured synaptic transmission from sensory afferents to startle command neurons. This revealed a key role for presynaptic inhibition in regulating the flow of auditory information across a critical sensorimotor interface in the startle decision pathway, providing the first cellular resolution circuit for PPI in a vertebrate.
RESULTS

Gsx1
Neurons in Rhombomere 4 Are Active during PPI Gsx1-expressing neurons are broadly distributed in the CNS ( Figure 1A ) [8, 9] . To locate the specific neurons that gate auditory information, we correlated Gsx1-neuron activity with behavioral PPI using 2-photon calcium imaging ( Figure 1B) . We compared four stimulus conditions: pulse-alone, prepulsealone, PPI (prepulse delivered 500 ms before the pulse), and no stimulus. Behavioral responses were suppressed by 59% ± 5% on PPI trials compared to pulse-alone trials, confirming that behavioral PPI was robustly elicited during imaging (Figure 1C) . We monitored Gsx1 neuron activity with the genetically encoded calcium indicator GCaMP6s, using gsx1-Gal4, UAS: nls-GCaMP6s-2a-nls-DsRed2 transgenic larvae ( Figure S1A ) [10, 11] . Co-expression of nuclear-localized DsRed2 enabled accurate automated segmentation of neurons and extraction of neuronal activity traces ( Figures 1D, 1E , S1B, and S1C). We registered the position of each active neuron to a common reference brain [12] , allowing us to compare the responsiveness of 34,050 spatially located Gsx1 neurons on each trial type ( Figure 1F ).
We anticipated that neurons that control PPI would fire on prepulse-alone trials and show activity that correlated with lack of escape responses on PPI trials. We therefore measured activity during the 500-ms interval after the prepulse stimulus (prior to presentation of the pulse-stimulus on PPI trials) and searched for neurons that showed a greater probability of firing on PPI trials where larvae did not respond to the pulse stimulus, indicating that the PPI-circuit had been effectively recruited. Prepulsealone active Gsx1 neurons were densely clustered in ventral domains of rhombomeres (R) 1, 3, and 4 ( Figures 2A and 2B ). Of these, R4 neurons showed elevated activity during PPI, firing on 63% ± 2.4% of PPI trials compared to 21% ± 1.6% of prepulse-alone trials (paired t test, t 101 = À16, p = 10
À29
, n = 102 neurons; Figures 2C and 2D ). The R4 domain was therefore enriched for neurons whose activity correlated with behavioral PPI consistent with a functional role in gating sensory information.
Firing of R4 Gsx1 Neurons Reproduces the Effect of the Prepulse
We next tested whether we could simulate PPI by optogenetically activating neurons in the R4 domain. Spatially restricted illumination using a digital micromirror device (DMD) activated Gsx1 neurons of gsx1-Gal4, UAS:chEF-RFP larvae that expressed the channelrhodopsin variant chEF, confirming efficacy (Figures 3A and S2A-S2D) [13] . Importantly, activation of Gsx1 neurons-either throughout the hindbrain or selectively in the PPI-active region of R4-suppressed the startle response to a pulse-alone stimulus that was presented 400 ms after illumination ( Figure 3B , left panel PPI-400; Table S1 ). In contrast, startle responses were not inhibited when R4 Gsx1 neurons were fired immediately before and during the pulse-alone stimulus (Figure 3B , right panel PPI-0). This finding matches the observation that Gsx1 neurons mediate PPI when the interval between prepulse and pulse stimuli is greater than 100 ms [8] . Thus, stimulation of Gsx1 neurons in the PPI-active region inhibits the startle response consistent with a role in long-interstimulus interval PPI. (C) Startle responsiveness (short-latency tail-flip responses, SLCs) during acoustic tests. NS, no stimulus; Pre, prepulse-alone trial. n = 18 larvae. Error bars are SEM. WSR test, *p = 0.0002 for suppression of responses on PPI trials compared to pulse-alone trials, confirming that behavioral prepulse inhibition was robustly elicited during imaging. (D) 2-photon image of nls-GCaMP6s expression in Gsx1 cells (gray, left inset) and mean fluorescence change for 12 prepulse inhibition trials (DF, color scale, right inset) for two representative neurons. Activity traces are the mean calcium response to pulse-alone (black, n = 9), prepulse-alone (blue, n = 13), prepulse inhibition (red, n = 12), or no stimulus (orange, n = 11) trials. Shading is SEM. Arrows indicate times of prepulse (small) or pulse (large) stimuli. (E) Raster plot of normalized GCaMP6s fluorescence change (DF/F, color scale), for 655 neurons in a representative experiment from a single larva. (F) Mean normalized GCaMP6s fluorescence change (DF/F, color scale) for all segmented neurons after co-registration, for 4 indicated trial types. See also Figure S1 .
Glutamatergic R4 Neurons that Project to the Mauthner Lateral Dendrite Mediate PPI Next, we used intersectional genetic methods to analyze the structure and function of specific subpopulations of R4 Gsx1 neurons. To broadly test whether Gsx1 neurons in R4 are required for PPI, we generated a UAS:KillSwitch transgenic line that drives expression of nitroreductase only in neurons with both Gal4 and Cre activity ( Figure 4A ). Nitroreductase induces cell-specific ablation by metabolizing bath-applied metronidazole into a cell-impermeant cytotoxin [14] . We then developed a set of transgenic Cre lines that combinatorially parse the hindbrain into individual rhombomeres (Figures 4B and S3A), crossed each to gsx1-Gal4, UAS:KillSwitch, and ablated the labeled subset of Gsx1 neurons. Ablating Gsx1 neurons either throughout the hindbrain or just in R3 through R6 completely disrupted PPI, phenocopying the effect of total Gsx1 neuron ablation (Figures 4C and S3B; Table S2 ) [8] . Conversely, PPI was intact after lesioning Gsx1 neurons outside this region, or after selective ablation of Gsx1 neurons in R3 and R5. Across all ablations, only those that included R4 Gsx1 neurons impaired PPI.
Next, we visualized subpopulations of R4 Gsx1 neurons using switch reporters selective for glutamatergic, glycinergic, and GABAergic neurons [9, 15] . All 3 cell types were present; however, GABAergic Gsx1 neurons were located slightly lateral to the region that comprised PPI-active neurons during calcium imaging ( Figures 5A-5C ). To reconstruct projections and identify potential synaptic targets, we developed a new DoubleSwitch tracing method that exploits the relative inefficiency of yeast recombinase B3 in zebrafish to stochastically label single neurons within a small target region ( Figures 5D and S4A ) [16] . In this method, heat-shock-controlled expression of B3 is used to stochastically remove the stop cassette in a UAS:DoubleSwitch reporter, leading to RFP expression in neurons that also express Cre and Gal4. We simultaneously imaged retrogradely labeled Figure 2 . Prepulse Inhibition-Active Neurons Cluster near the Mauthner Cell (A and C) Horizontal view of neurons that respond in the 500-ms windows after a prepulse on prepulse-alone (A) or during prepulse inhibition trials (prior to presentation of the pulse-stimulus) (C). Gray: all Gsx1 neurons. Cyan: Mauthner cells. Scale bar, 50 mm. Histograms represent the relative frequency of prepulse-responsive and PPIresponsive neurons, along the rostro-caudal axis. Neurons are color coded by responsiveness (Resp.), a measure of the response probability of the neuron, normalized by total activity in all neurons on each trial type. (B and D) Coronal views of neurons that respond to a prepulse (B) or during prepulse inhibition trials (D) in rhombomere 1 (red), rhombomere 3 (green), and rhombomere 4 (blue) and the corresponding distribution of prepulse-responsive neurons along the dorsal-ventral axis. Position of each substack is indicated in corresponding horizontal views.
Mauthner cells, the bilateral pair of command neurons for the startle response in fish. 3D reconstructions of neurons in the PPI-active area revealed three distinct morphologies (Figures 5E-5G and S4C). Type A neurons closely matched previously described glycinergic fast feedforward neurons [15] . These neurons are unlikely to mediate PPI since a role for glycinergic signaling was previously excluded [17] . Type B neurons were situated in a lateral domain ( Figure 5H ), similar to the GABAergic neurons described above, although this morphological type has not been previously reported. Type C neurons projected ipsilaterally, a pattern reported for hindbrain glutamatergic neurons, with terminations adjacent to the Mauthner cell lateral dendrite [15] .
To determine which cell type mediates PPI, we used a 2-photon laser to bilaterally ablate 10-20 glutamatergic, GABAergic or glycinergic Gsx1 neurons in the PPI-active region of R4 ( Figures 5I-5K and S5 ). PPI and startle responses were unchanged after ablating either the GABAergic or glycinergic Gsx1 neurons ( Figures 5I and 5J ). In contrast, elimination of glutamatergic Gsx1 neurons abolished PPI, without affecting startle thresholds ( Figure 5K ). These experiments define the precise neurons that mediate PPI: bilateral clusters of $15 glutamatergic neurons in R4 that are located 40 mm dorsal to each Mauthner cell. These neurons project ipsilaterally to the Mauthner distal lateral dendrite, a region that forms synapses with auditory nerve afferents, providing a possible interface for presynaptic or postsynaptic gating of sensory input during PPI [18] .
Presynaptic Gating of Auditory Information
Mediates PPI To distinguish pre-and post-synaptic inhibition, we tested Mauthner cell excitability during PPI using an electric field pulse, which triggers the startle response by directly firing the Mauthner cell [19] . Responsiveness to a field pulse was unchanged 100-1,000 ms after exposure to an acoustic prepulse, indicating that sensory gating occurs before acoustic signals reach the Mauthner soma, consistent with a role for dendritic filtering or presynaptic inhibition of auditory afferents ( Figure 6A ). To test presynaptic inhibition, we monitored neurotransmitter release from the VIII th nerve using iGluSnFR, a fluorescent reporter of glutamate release in y256-Gal4, UAS:iGluSnFR transient transgenic fish ( Figure 6B ) [12, 20] . As presynaptic inhibition often affects specific synapses rather than all outputs of a given neuron, we backfilled the Mauthner cell to visualize the zone of VIII th nerve input to the lateral dendrite. We measured the iGluSnFR signal elicited by an acoustic pulse on three trial types: pulsealone, PPI-100 (prepulse, 100-ms interval, pulse), and PPI-500 (prepulse, 500-ms interval, pulse). On PPI-500 trials, the iGluSnFR signal was 27% ± 5% less than on pulse-alone trials in the region of the VIII th nerve that was juxtaposed to the distal lateral dendrite of the Mauthner cell, consistent with presynaptic inhibition of auditory afferents ( Figures 6C, 6D , and S6A). However, glutamate release was not suppressed on PPI-100 trials ( Figures 6E and S6B ), or in regions outside the area juxtaposed to the Mauthner dendrite ( Figure 6D ). During PPI-500 experiments, we also recorded Mauthner cell activity with an extracellular electrode ( Figure S6C ), enabling us to determine whether presynaptic inhibition correlated with PPI of startle behavior. Indeed, presynaptic inhibition was significantly greater on trials where the pulse stimulus failed to elicit a Mauthner cell action potential ( Figure 6F ). These results reveal presynaptic gating of auditory signaling that is selective to the Mauthner cell, that operates specifically during long-interstimulus interval PPI and that correlates with suppression of the startle response. Presynaptic inhibition is therefore a central mechanism for PPI, regulating the transmission of auditory information to the startle circuit.
DISCUSSION
Our findings provide new insight into the cellular mechanisms for sensory gating, demonstrating that PPI in zebrafish is controlled by bilateral clusters of $15 morphologically and genetically identified neurons that are located in close proximity to giant reticulospinal neurons that mediate startle responses. These glutamatergic Gsx1 neurons in rhombomere 4 project to a key sensorimotor interface in the startle circuit, where they may gate sensory transmission via presynaptic inhibition of auditory afferents. PPI and presynaptic inhibition are both thought to prevent afferent stimuli from flooding the nervous system with excess information [21, 22] . Our findings reveal that the similarity is not a coincidence -rather, presynaptic inhibition is an essential cellular mechanism for PPI. Our finding that presynaptic inhibition gates the transmission of auditory information to brainstem startle circuits is consistent with a previously described role in gating exteroceptive signaling See also Figure S2 and Table S1 . See also Figure S3 and Table S2. to the spinal cord. Here, inhibition exercises state-dependent control of sensory thresholds, for example, suppressing nociceptive transmission during acute stress [23] , and prevents sensorimotor reflexes from interfering with stable performance of motor acts such as reaching or locomotion [24, 25] . Similarly, PPI shares characteristics of both state-and task-dependent sensory gating. In PPI, suppression of startle scales with the magnitude of the prepulse, effectively regulating the auditory startle threshold similar to state-dependent presynaptic inhibition. Moreover, similar to the task-dependent presynaptic suppression of reflex arcs, PPI secures sensory processing from interruption by inappropriate startle behavior [26] . The connecting function is to guard ongoing cognition or behavior from the disruptive effects of sensorimotor reflexes. The fundamental characteristic of presynaptic inhibition is suppression of neurotransmitter release from an active neuron, temporarily reducing excitatory drive to a postsynaptic target. We directly measured presynaptic inhibition by using iGluSnFR to report glutamate release at the interface of the auditory VIII th nerve afferents with hindbrain startle command neurons. Suppression of pulse-evoked neurotransmitter release following a prepulse was not spatially uniform: glutamate release by most axon termini was unchanged while release in regions juxtaposed to the Mauthner lateral dendrite was decreased. This observation is consistent with a well recognized role of presynaptic inhibition in selectively regulating different outputs from nerve tracts, and even single axons, thereby differentially influencing activity in disparate targets [24, 27] . Spatially restricted presynaptic inhibition may explain why, in humans, central processing of the startle stimulus is intact, even while the motor response is suppressed [26] , and why, in fish, slower behavioral responses to auditory stimuli are spared while Mauthner-mediated startles are suppressed [4] . Glutamatergic Gsx1 neurons project to the interface between VIIIth nerve afferents and the distal lateral dendrite of the Mauthner cell. A parsimonious interpretation of our data is thus that Gsx1 neurons directly inhibit auditory afferents; however, validation of this model will require electron microscopy to reveal such synaptic connections. We cannot exclude the possibility that Gsx1 neurons exert additional post-synaptic effects on the Mauthner cell, for instance through dendritic filtering, or that intermediary interneurons mediate the effect of Gsx1 neurons on presynaptic inhibition of auditory signaling. Indeed, presynaptic inhibition at axoaxonal synapses is often elicited by GABAergic signaling, which depresses neurotransmitter release either via depolarization of primary afferent termini, or activation of second messenger systems [28] . However, presynaptic inhibition also occurs in glutamatergic axoaxonal synapses where it is mediated by both ionotropic and metabotropic receptors [29, 30] . Group 1 metabotropic receptors are candidates, as both mGluR1 and mGluR5 knockout mice show deficits in PPI, and, though primarily excitatory, also act presynaptically to suppress synaptic transmission in multiple brain regions [31, 32] . Alternatively, glutamate may gate synaptic transmission via ionotropic NMDA or AMPA receptors. Presynaptic AMPA receptors at the calyx of Held attenuate excitatory transmission via an inhibitory G protein cascade [29] . Mechanisms for NMDA-receptor-mediated presynaptic inhibition of glutamate release from primary sensory neurons are less well understood but may be due to shunting within presynaptic termini or inactivation of ion channels following depolarization [33] . Axoaxonal synapses have a localized effect; they are often located close to the release site of the postsynaptic axon and act by selectively depressing the magnitude of action potentials at a very short distance from the axoaxonal synapse [34] . This spatial specificity is enhanced by postsynaptic axon varicosities [35] . In fact, the terminals of the auditory VIII th nerve branches form varicose ''club endings'' on the Mauthner dendrite [36] . Thus, Gsx1 neurons may initiate presynaptic inhibition by depressing the propagation of VIII th nerve action potentials into axon termini, attenuating neurotransmitter release. Rhombomere-specific ablations also revealed a role for Gsx1 neurons in regulating startle sensitivity. Neurons that adjust sensitivity to an acoustic stimulus are distinct from those that mediate PPI because (1) laser ablation of glutamatergic R4 Gsx1 neurons selectively eliminated PPI without affecting startle sensitivity, and (2) ablation of Gsx1-expressing neurons before 3 dpf selectively impaired PPI without effecting startle threshold. Consistent with their involvement in multiple acoustic processing circuits, we found three distinct clusters of Gsx1 neurons, in rhombomeres 1, 3, and 4, that showed elevated activity after a weak acoustic stimulus. The precise identity of these neurons remains to be determined, but these data suggest that other Gsx1 neurons may regulate additional types of acoustic startle plasticity that have been described in larval zebrafish [37] . 
Mechanisms for PPI across Species
We observed decreased sensory drive to the Mauthner lateral dendrite during long, but not short, interstimulus interval PPI, and correspondingly, that R4 Gsx1 neuron ablation or optogenetic activation affected only long interstimulus interval PPI. Thus, the pathway that we describe here accounts for suppression of startle responses at long intervals between prepulse and pulse stimuli. During short interstimulus interval inhibition, Mauthner cell excitability is post-synaptically depressed by a distinct population of interneurons, at present uncharacterized but likely utilizing GABA as a neurotransmitter [17] . Thus, in fish, an acoustic prepulse recruits distinct pre-and post-synaptic auditory gating systems that operate over different timescales. The multiple-mechanism model may be a common property of PPI across species. Dual pre-and post-synaptic mechanisms of PPI have been described in the marine mollusk Tritonia [38] . Whereas in Tritonia the dual mechanisms are coactive, in zebrafish pre-and postsynaptic mechanisms regulate PPI during disparate time intervals after the prepulse. In mammals, the startle response is mediated by giant reticulospinal neurons of the pontine nucleus caudalis [39] , which, like the giant reticulospinal neurons for startle responses in fish, are derived at least in part from rhombomere 4 [7] . Lesion studies of PPI indicated a role for the pedunculopontine tegmentum (PPT), a cholinergic nucleus of the mesopontine [40] . However, VACht knockouts have normal PPI [3] , and selective ablation of cholinergic PPT neurons failed to disrupt PPI [2] . Despite uncertainty as to the circuit basis of PPI in mammals, there is reason to posit that a homologous presynaptic inhibition pathway is involved. Pharmacological manipulations in rat slice preparations implied presynaptic inhibition during long-interstimulus interval PPI [41] , and impaired PPI has been described in mouse knockouts of several presynaptic proteins including neurexin-1a, synapsin II, synaptotagmin1, RIM1a, and Rab3a. Several of these proteins have been linked with schizophrenia raising the possibility that defects in presynaptic gating mechanisms represent a core part of the disorder [42] . By applying powerful tools available in zebrafish for interrogating circuit function at the cellular level, we have now identified bilateral clusters of $15 neurons that regulate the transmission of auditory information to the brainstem escape circuit, with the strong possibility of a homologous circuit in mammals. Our research provides the first cellular resolution circuit for PPI in a vertebrate, revealing a central role for presynaptic gating of auditory drive in protecting cognition from the disruptive effects of sensorimotor reflexes.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
DECLARATION OF INTERESTS
The authors declare no competing interests. 
Received
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Adult zebrafish (Danio rerio) were maintained with a Tubingen long fin strain background. Larval zebrafish were raised on 14/10 h light/dark cycle at 28 C, at a maximum density of 20 in 10 mL E3h medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4, 1.5 mM HEPES, pH 7.3). All animal care and experimental procedures were approved by the NICHD animal care and use committee. Experiments were performed on larvae in the first 7 days post fertilization (dpf), before sex differentiation.
METHOD DETAILS
Zebrafish lines
Enhancer trap lines expressing Gal4 in Gsx1-specified cells Et(REx2-SCP1:Gal4ff)y252 (gsx1-Gal4), Mauthner cells Et(SCP1:Gal4ff) y264, or statoacoustic ganglion Et(SCP1:Gal4ff)y256 have been previously reported [8, 12, 19] .
We generated a set of transgenic Cre lines that combinatorially parse the hindbrain into individual rhombomeres, by using conserved non-coding elements that drive rhombomere specific expression, and by selecting lines from a Cre enhancer trap screen. Cre enhancer trap lines Et(REx2-SCP1-BGi-Cre-2a-Cer)y380 (y380-Cre) and Et(REx2-SCP1-BGi-Cre-2a-Cer)y371 (y371-Cre) were previously described [12] . We since isolated additional Cre lines through continued screening: Et(REx2-SCP1:BGi-Cre-2a-Cer)y445 (y445-Cre), y465-Cre, y485-Cre, y523-Cre. We generated additional Cre lines with expression in selected rhombomeres by using conserved non-coding elements adjacent to a basal Supercore1 (SCP1) promoter, driving a Cre-2a-Cerulean cassette, within tol2 transposon arms [57] . Details are given below, with genomic coordinates of each conserved noncoding element (CNE) indicated for zebrafish genome assembly GRCz10. For hoxa2-Cre (Tg(hoxa2CNE-SCP1:BGi-Cre-2a-Cer)y466) we amplified the 700 bp hoxa2 R2 CNE (chr16:21,122,600-21,123,299) from zebrafish genomic DNA using previously described primers [47] . For hoxb3a-dr16-Cre (Tg(hoxb3a-dr16-SCP1:BGi-Cre-2a-Cer)y455) we subcloned the 300 bp dr16 CNE (chr3:23,611-132-23,611,431) from plasmid hoxb4_dr16-GFP (kind gift of Silke Rinkwitz, U. Sydney) [49] . For eltC-Cre (Tg(eltC-REx2-SCP1:BGi-Cre-2a-Cer)y454), we amplified the 1263 bp eltC CNE (chr12:8,488,755-8,490,017) from zebrafish genomic DNA using previously described primers [48] . For hoxb1a-Cre (Tg(hoxb1a-SCP1:BGi-Cre-2a-Cer)y461), we subcloned the 1018 bp zebrafish hoxb1a CNE (chr3:23,637,231-23,638,221) from plasmid hoxb1a(b-globin):eGFP (kind gift of Charles Sagerstrom, U Mass.) [50] . Note that in the eltC-Cre and hoxb1a-Cre reporter lines, expression in larvae was not restricted to rhombomeres 3 and 5, or 4 respectively, as for previously described GFP lines based on the same CNEs, presumably because less specific expression of the cognate genes at an early embryonic stage leads to Cre permanently marking a larger hindbrain region.
The UAS:KillSwitch (Tg(14xUAS-E1b:BGi-lox-GFP-sv40-lox-epNTR-TagRFPT)y518) line was created by modifying the UAS: epNTR-RFP plasmid [19] , with the oPRE element removed, and a floxed emerald GFP-sv40 stop cassette [8] inserted before epNTR. This vector is flanked by tol1 transposon arms and the transgenic line derived by co-injection of zebrafish optimized tol1 mRNA [44] .
The hsp:B3 recombinase transgenic line (Tg(myl7:GFP-hsp70l:B3r-2a-Cer)y560) uses the heat shock protein 70l promoter (plus exon 1 and intron 1) (kind gift of Karl Clark, Mayo) [51] to drive B3 recombinase (B3r) from Zygosaccharomyces bisporus [16] , followed by a 2a-peptide and Cerulean fluorescent protein. B3r and the 2a-Cer cassette were codon optimized for zebrafish [44] (Genscript). This vector also contains the myl7:GFP cassette (kind gift of Igor Dawid, NIH) to facilitate identifying transgenic fish and mini-tol2 transposon arms.
To generate B3 recombinase dependent reporters, we started with pT1UciMP [44] , and inserted membrane-located TagRFPT into the multiple cloning site. We then PCR amplified nuclear localized emerald GFP [8] with the rabbit b-globin polyA terminator, adding blown-out sites (B3 target sequences) on each end, and used SLiCE assembly [58] to insert the product 5 0 to TagRFPT, generating the UAS:bloSwitch plasmid, which we used to generate the UAS:bloSwitch line (Tg(14xUAS-E1b:UBCi-blo-nls-emGFP-bglobinPAblo-lyn-TagRFPT-afp)y562). Next, we used PCR and SLiCE to insert a floxed Twinkle-sv40 (DNA 2.0) cassette before GFP. We used To make UAS:nls-GCaMP6s-2a-DsRed2 (Tg(14xUAS-E1b:BGi-nls-GCaMP6s.zf1-2a-dsRed2.zf1)y343) we added a nuclear localization sequence (MAPKKKRKV) in front of UAS:GCaMP6s [19] then used SLiCE cloning to add an in frame zebrafish optimized 2a-DsRed2 geneblock (IDT). We then generated UAS:nls-GCaMP6s-2a-nls-DsRed2 (Tg(14xUAS-E1b:BGi-nls-GCaMP6s.zf1-2a-nlsdsRed2.zf1)y510) by adding a nuclear localization sequence before dsRed2 using SLiCE.
For UAS:Cre-ERT2 (Tg(14xUAS-E1b:BGi-Cre-ERT2-2a-Cer)y563) we first inserted Cer.zf1 and the rabbit b-globin intron [44] into pT1UMP [43] . We then amplified and inserted Cre-ERT2 from pCAG-Cre-ERT2 (gift from Connie Cepko, Addgene plasmid #14797) [52] , adding an in frame 2a sequence before Cerulean.
For iGluSnFR experiments, we first replaced the mouse IgK secretion sequence in iGluSnFR (kind gift of Jonathan Marvin, Janelia) [20] with the signal peptide from glycine receptor a1 (MFALGIYLWETIVFFSLAASQQAA), then cloned the resulting gene into pT1UMP. We analyzed transient transgenics generated using tol1 transgenesis.
For channelrhodopsin experiments, we used a zebrafish codon-optimized gblock (IDT) for chEF [13] , used SLiCE to replace the GCaMP3 in 14xUAS:BGi-GCaMP3-2a-mcherry-POUT [43] with chEF, and injected the resulting UAS:chEF-2a-mCherry plasmid into embryos together with tol1 transposase.
New stable transgenic lines reported here were bred over multiple generations to isolate single copy transgenes.
Other zebrafish lines used here include: UAS:lynTagRFPT (y260) [43] , UAS:epNTR (y268) [19] , UAS:nGFP (y262) [8] , UAS: Switch (Tg(UAS:BGi-loxP-eGFP.zf1-loxP-lyn-TagRFPT)y363) [12] , bactin:Switch (Tg(bactin:loxP-GFP-loxP-lynTagRFPT)y272) [44] , Tg(elavl3:Gal4-VP16)nns6 (kind gift from Shin-ichi Higashijima, OIIB) [45] , Tg(elavl3:H2B-GCaMP6s)jf5 [46] , (TgBAC (vglut2a[slc17a6b] :loxP-mCherry-loxP-Gal4ff)nns21), (TgBAC(gad1b:loxP-DsRed-loxP-GFP)nns26), (TgBAC(glyt2[slc6a5]:loxPmCherry-loxP-Gal4ff)nns24), and (TgBAC(gsx1:Cre)nns31) [9] . In addition, we used the previously reported plasmid Cre.zf1 (GenBank KM458763) [44] to synthesize Cre recombinase mRNA.
Calcium imaging and behavior 6 or 7 dpf nacre (mitfaÀ/À) larvae with either gsx1-Gal4, UAS:nls-GCaMP6s-2a-DsRed2(y343), or gsx1-Gal4, UAS:nls-GCaMP6s-2a-nls-DsRed2(y510), were restrained in 3.5% low-melting point agarose in E3h in a Petri dish. The agarose was cut away from the tail, caudal to the pectoral fins, to allow for movement. The dish was affixed to a custom printed stage, and temperature was maintained at 28 C using a Peltier ring. Images were acquired with a 20X water immersion objective (1.0 NA; Olympus) using a 2-photon Movable Objective Microscope (Sutter) controlled by ScanImage software [53] written in MATLAB (Mathworks), and a Chameleon Vision-S laser (Coherent) tuned to 950 nm for excitation. Frames of a single horizontal plane of the hindbrain (size, frame rate, number of larvae: 157x315 mm, 7 Hz, 12; 315x315 mm, 3.5 Hz, 12; 252x252, 3.5 Hz, 4; 420x420 mm, 2 Hz, 1) were collected during each experiment. Additionally, for each larva an image volume of nls-GCaMP6s, and when present nls-DsRed2, fluorescence in hindbrain was collected for 3D registration of the calcium imaging data. Acoustic/vibration stimuli (2 ms 1000 Hz sinusoid of varying intensities), generated by Clampex software (pClamp, Molecular Devices) were delivered by a speaker affixed to the microscope stage. Pulse, prepulse, PPI test -prepulse delivered 500 ms (n = 23 larvae) or 700 ms (n = 6 larvae) before pulse -and no stimulus (n = 11 larvae) trials were delivered in a pseudorandom sequence. In experiments without a designated no stimulus trial, the interval 20 to 10 s before the pulse stimulus was analyzed. For 17 larvae, each stimulus sequence set contained one presentation of each stimulus, and 7.5 ± 0.5 sets were delivered while imaging each focal plane. For another 12 larvae, each stimulus sequence set contained three presentations of each stimulus, and 8.2 ± 0.7 sequences ($25 presentations of each stimulus) were delivered while imaging each focal plane.
To record tail movements, larvae were illuminated using an IR LED (980 nm wavelength) and imaged from below at 100 frames per second using an infrared-sensitive Pike F-032 CCD camera (Allied Vision) with an LM35SC lens (Kowa). Tail images were acquired and movements tracked using custom routines in MATLAB. To track tail movements, for each larva we manually identified the tail near the pectoral fins on the first CCD frame. Then in each frame, the brightest pixels at 13 intervals along the tail were automatically detected and the tail angle was calculated to determine tail movements. Only trials with no tail movement immediately preceding the stimulus presentation were used in this study because ongoing movement modulates startle responsiveness [4] . A short-latency startle response was defined as a tail-flip initiated within 20 ms of the stimulus (2 video frames), consistent with the latency of Mauthner cell triggered escape responses. On 78 ± 4% of pulse-alone trials larvae initiated a short-latency startle response, and these trials were included in analysis. For prepulse-alone and PPI and no stimulus trials, to avoid detecting neurons that were part of a motor response circuit we excluded from analysis trials on which a larvae initiated a tail movement.
Ten-second time series of 2-photon images surrounding the stimulus presentation were analyzed. First, to determine the dorsalventral position of the time series, its average was aligned by maximum normalized cross-correlation with the image volume of the larval hindbrain. For each larva, time series images within 2 mm dorsal-ventral range were grouped for alignment. To counteract drift and movement during image capture, frames of each group were aligned using affine transformation first to an initial template (average of 35 consecutive frames), repeated 5-10 times, and then once to a second template (average of all frames in group). Vigorous movements such as struggles that caused shearing tracks in an image frame were identified by sum square error to the average image of the group and the experimental trial was discarded. Additionally, the image frame collected during a stimulus presentation was not analyzed.
To analyze calcium activity, individual neurons were defined using automatic segmentation methods, and manually reviewed. To segment, initially neuron masks were seeded based on local maxima of the average image of two frames of the aligned time series of either nuclear localized dsRed2 or GCaMP6s fluorescence. Next, to prevent any bias in the analysis from cell size or different expression levels of GCaMP6s, uniform masks of 5 mm-radius circles were centered at each seed pixel. A mask was discarded if the correlation coefficient of its pixel intensities during the time series was below 0.02. For overlapping masks, the mask with a greater correlation coefficient was kept. Locations of the masks were reviewed using the cell counter plugin in ImageJ [55] . To measure the accuracy of the automated segmentation algorithm, 6 experiments were also manually segmented and the F1 scores (2*true positive / [2*true positive + false positive + false negative]) were calculated. Automated segmentation achieved 86 ± 4% accuracy compared to manual cell detection, verifying that we could computationally identify neurons with high accuracy ( Figure S1C) . We recorded from 250-800 identified neurons per imaging plane (2.8 ± 0.3 planes per fish).
Fluorescence intensity, either both GCamP6s and dsRed2 or only GCamP6s, was extracted for each neuron mask and normalized to baseline fluorescence (an average of the 3 time points preceding the stimulus). To detect neurons activated by the acoustic stimulus, we defined a neuron as responsive if its calcium signal increased by at least 2 standard deviations within 500 ms after the stimulus onset. Only neurons that were recorded for at least 5 trials of each stimulus type were included in the combined dataset.
Finally, we used diffeomorphic mapping to register the position of each analyzed neuron (34,050 neurons from 29 larvae) to the reference brain in the Zebrafish Brain Browser (ZBB) [12] . We used Advanced Normalization Tools (ANTs) software [54] running off the National Institute of Health Linux computing cluster (Biowulf) to register each larval hindbrain to ZBB using a reference pattern derived from the average of five gsx1-Gal4, UAS:nls-GFP fish. Then, using the transformation matrices generated by this registration, the coordinates of the analyzed neurons in the individual larvae were imported to the ZBB using the antsApplyTransformToPoints function, allowing us to combine experimental data from all animals. Finally, to visualize the distribution of responses, each neuron mask was color-coded by DF/F ( Figure 1F ). For Figure 2 , we calculated the normalized responsiveness of each neuron. For this we first calculated the response frequency of each neuron, P r , which was the number of trials with a superthreshold calcium response, N r , divided by the total number of trials, N t: Pr = Nr=Nt. We then calculated each neuron's normalized responsiveness: R = Pr= P n i = 1 Pr. This procedure does not change the representation of activity within each trial-type, but facilitates identifying neurons whose activity is relatively increased or decreased between trial-types.
Free-swimming behavior tests Acoustic and electric field pulse behavior tests were based on previously described protocols [8, 19] . Tests of individual fish were performed with a 9-well grid of 1x1 cm wells, and group testing was performed in 3x3 cm chamber. Responses were recorded with a high-speed camera (DRS Lightning RDT/1; DEL Imaging) at 1000 frames per second and analyzed with Flote software [4] . Acoustic/vibration stimuli were generated with a digital-to-analog card (PCI-6221; National Instruments) and delivered using a 4810 minishaker (Bruel and Kjaer). Stimuli were 2 ms duration pulses and intensity was calibrated using a Digital Vibration Meter (Calright). Electric field pulses (2 ms square pulses, 1.5 V/cm) were delivered across 2 metal plates at opposite chamber walls. PPI tests delivered a weak acoustic pulse, 10% the strong acoustic pulse intensity, 100-1000 ms before a strong electric or acoustic pulse. Larval zebrafish show two forms of startle response distinguished by latency and kinematics, a long-latency C-start and a Mauthner cell-driven short-latency C-start (SLC). This short-latency startle is susceptible to PPI and the focus of this study. Responsiveness (%SLC) was measured as the percent of trials on which a SLC was performed. Percent PPI of startle was calculated as 100*(%SLC to pulse-%SLC to PPI)/%SLC to pulse. To prevent differences in startle threshold from influencing the PPI measure, only fish with 60%-90% SLC to a pulse were included in PPI analyses.
Genetic ablations
We followed the reported nitroreductase ablation procedure [59] . gsx1-Gal4, Cre transgenic, UAS:KillSwitch larvae with RFP expression in the full Gal4-Cre intersectional pattern were selected for ablation, and the same number of RFP-negative siblings composed the control group. Both groups were treated with 10 mM metronidazole in E3h from 3 to 5 dpf, and then recovered in E3h. At 6 dpf, the larvae were examined to remove those with gross anatomical defects (e.g., overinflated swim bladder) and only healthy fish were tested. Ablations were verified in a subset of animals by using confocal light microscopy to confirm elimination of RFP labeled neurons. To ablate Gsx1 neurons generated during restricted developmental time windows, we exposed gsx1-Gal4, UAS:epNTR larvae, and RFP-negative siblings, to metronidazole for 24 hours starting at either 2 or 4 dpf. Fish recovered in E3h until 6 dpf when they were assessed with pulse and PPI tests.
Optogenetic activation
For channelrhodopsin PPI tests, we injected UAS:chEF-mCherry and tol1 transposase into gsx1-Gal4, y264-Gal4, or nacre (mitfaÀ/À), elavl3:H2B-GCaMP6s, gsx1-Gal4 embryos at the single-cell stage. Larvae were raised under a dark film to reduce blue light exposure. Nacre larvae were raised in E3h, other larvae in 300 mM PTU. At 6 dpf, larvae were selected for either RFP expression in the complete Gal4 pattern, which appeared in 10%-40% of RFP-positive larvae (varying per clutch), or RFP-negative siblings for optogenetic testing. We used the same equipment as the calcium imaging experiments, with the addition of a 460 nm LED (Prizmatix) and Polygon400 digital mirror device (Mightex Systems) patterned using a graphical interface in MATLAB to illuminate either the entire hindbrain (341 mm-wide square) or smaller regions (33-50 mm-wide squares) [56] . The LED was shuttered by Clampex software that also delivered the acoustic stimulus to synchronize the stimuli timing. To first validate the optogenetic setup, chEF was expressed in the Mauthner cells using the y264-Gal4 line [19] (Figure S2E ). Illumination (500 ms train of pulses, 5 ms on duration, 100 Hz) coincident with an acoustic pulse increased startle responsiveness, and illumination alone was sufficient to drive rapid tail flips, verifying that chEF activation triggered Mauthner cell firing ( Figures S2F and S2G) . Furthermore, selective illumination of only the left chEF-expressing Mauthner cell increased rightward tail responses confirming that the area of illumination was tightly localized ( Figure S2H ). For experiments with chEF expressed in Gsx1 neurons, LED illumination was delivered either (1) alone, (2) ending 400 ms before an acoustic pulse, or (3) ending simultaneously with the offset of an acoustic pulse. These 3 types of LED stimuli and an acoustic pulse alone were presented in pseudorandom order. We first illuminated almost the entire hindbrain focused on the plane of PPI-active Gsx1 neurons. Next, we illuminated only small bilateral regions of R4 comprising the PPI-active Gsx1 neurons. Only trials with no tail movement during the 5 s preceding the stimulus were analyzed. To evaluate evoked behaviors to the LED stimulus alone, we identified tail movements within 520 ms of LED onset as behavioral responses. For all other types of trials, tail responses within 20 ms after an acoustic pulse were deemed SLCs, and %PPI was 100*(%SLC to pulse-%SLC to paired stimulus)/ %SLC to pulse. Acoustic responsiveness in the absence of illumination, and responses to the LED alone were similar in larvae with and without chEF expression ( Figure S2D ).
To examine efficacy of optogenetic activation, we used 2-photon microscopy to record the calcium responses to LED stimulation in nacre, elavl3:H2B-GCaMP6s, gsx1-Gal4, UAS:chEF-mCherry larvae. 2-photon time series were registered, segmented and analyzed as described above, except that RFP-expressing Gsx1 neurons were manually identified using cell counter plugin in ImageJ.
B3 recombinase activity
To test if B3 recombinase could be used in zebrafish we first synthesized codon-optimized B3 recombinase (Genscript) [44] , subcloned it into pCS2 and generated mRNA (SP6 mMessage, Ambion). RNA concentration and quality were measured by spectrophotometer and verified by agarose gel electrophoresis. To compare toxicity of B3 to Cre recombinase, 3 doses of recombinase RNA (50, 100 or 150 pg) were injected into the yolk of 1-cell stage Tubingen long fin eggs. All 3 doses of both B3 and Cre RNA, and a 0.2 M KCl vehicle control, were injected into siblings of the same clutch ( Figure S4B ). Percent death (100-100*number of surviving 6 dpf larvae/number of 1 dpf embryos) was normalized by subtracting the percent death of uninjected siblings to calculate lethality of each dose of recombinase RNA.
Next, we compared the activity and selectivity of B3 and Cre recombinases by mRNA injection into transgenic embryos with either the target sequence for B3, (HuC:Gal4, UAS:bloSwitch), or Cre recombinase (bactin:Switch). In both reporter lines, RFP is expressed when the recombinase excises the GFP-stop sequence. We visualized activity by western blot for RFP (relative to a-tubulin levels) using the same methods previously described [44] . To compare activity of B3 to Cre recombinase, 1, 5 or 25 pg of recombinase RNA was injected into either Huc:Gal4, UAS:bloSwitch, or bactin:Switch eggs, respectively. To measure recombinase specificity for target sites, 25 pg of either B3 or Cre RNA was injected into the converse reporter line. All RNA concentrations analyzed were injected into siblings of the same clutch. Blind to fluorescence and using only transmitted light, we selected 10 healthy 6 dpf embryos from each condition for protein analysis.
UAS:Cre-ERT2 transgene, larvae were raised from 2-4 dpf with 8 mM 4-Hydroxytamoxifen (Sigma). At 4 dpf, Mauthner cells were retrogradely labeled by injection of Alexa Fluor 594 in the spinal column. At 5 dpf, fish were immobilized with tricaine and embedded in agarose for 2-photon laser ablation performed with a 2-photon Spectra-Physics MaiTai DeepSee laser (800 nm) on an upright TCS-SP5II microscope (Leica) with a 20X objective (1.0 NA). To ablate 10-20 neurons in each hemisphere in the ventral R4, the laser beam (2.0 ± 0.3 W) was targeted sequentially to single GFP-positive cell bodies ($3 mm radius) for 30 ± 10 s. For sham controls we ablated 10-20 GFP-expressing neurons in each hemisphere in R1-2. Image stacks were collected immediately before and after ablation to verify elimination of targeted cells ( Figure S5 ). Larvae were carefully removed from agarose and recovered in E3h until 6 dpf, when they were tested in free-swimming pulse and PPI assays.
Glutamate release imaging
For iGluSnFR experiments we used the same equipment as in the calcium imaging experiments, with the addition of a Multiclamp 700A electrophysiological amplifier (Molecular Devices). We injected a UAS:iGluSnFR plasmid into the single-cell of transgenic line y256-Gal4, which expresses Gal4 in statoacoustic ganglion neurons [12] . Embryos were raised in E3h with 300 mM PTU. At 4 dpf, Mauthner cells were labeled with Alexa Fluor 594 by reticulospinal backfills. Immediately before testing a larva was immobilized with 100 mM a-bungarotoxin (Tocris) for 2-4 mins, washed in E3h for 10 min, then embedded in agarose.
Extracellular electrophysiological recordings were performed using a glass electrode (2.5 -5 MU) with 1 M KOH. An electrode was positioned at the larvae integument, dorsal to the Mauthner axon chiasm. Data was acquired using Clampex at 10,000 Hz sampling rate and notch filtered (60 Hz). 2-photon images (resolution, frame rate, number of larvae: 128x128, 7 Hz, 7; 64x64, 14 Hz, 4) of iGluSnFR fluorescence were collected during pulse and PPI tests and registered as described above. Individual synaptic sites could not be distinguished in our images. We therefore segmented auditory nerve endings into functional regions by sequentially agglomerating neighboring pixels with correlated intensity dynamics (normalized cross-correlation) during acoustic tests. iGluSnFR signal was extracted for each segment and normalized to baseline fluorescence (an average of the 3 time points preceding the stimulus). The iGluSnFR signal (DF/F) was calculated using the time point immediately after the pulse stimulus, and %PPI was 100*(DF/F to pulse-DF/F to PPI) / DF/F to pulse.
QUANTIFICATION AND STATISTICAL ANALYSIS
Analysis was performed with MATLAB (Mathworks) and Gnumeric (http://projects.gnome.org/gnumeric/). Data in figures and text are means and standard errors. We used Shapiro-Wilk test for normality and Levene's test for equal variance. We used the Student's t test, Wilcoxon rank sum (WRS) test, and Wilcoxon signed rank (WSR) test as appropriate. All t tests were 2-sided. To measure correlation we used Pearson correlation coefficient. N reported in figure legends. Boxplots show median and quartiles; whiskers show 10%-90%. Bar plots show mean and standard error.
DATA AND SOFTWARE AVAILABILITY
Further information and requests for datasets and analysis software should be directed to Harold Burgess, burgessha@mail.nih.gov
